The localization of different classes of alcohol dehydrogenases (ADH) in the brain is of great interest because of their role in both ethanol and retinoic acid metabolism. Conflicting data have been reported in the literature. By Northern blot and enzyme activity analyses only class III ADH has been detected in adult brain specimens, while results from riboprobe in situ hybridization indicate class I as well as class IV ADH expression in different regions of the rat brain. Here we have studied the expression patterns of three ADH classes in adult rat, mouse and human tissues using radioactive oligonucleotide in situ hybridization. Specificity of probes was tested on liver and stomach control tissue, as well as tissue from class IV ADH knock-out mice. Only class III ADH mRNA was found to be expressed in brain tissue of all three investigated species. Particularly high expression levels were found in neurons of the red nucleus in human tissue, while cortical neurons, pyramidal and granule cells of the hippocampus and dopamine neurons of substantia nigra showed moderate expression levels. Purkinje cells of cerebellum were positive for class III ADH mRNA in all species investigated, whereas granular layer neurons were positive only in rodents. The choroid plexus was highly positive for class III ADH, while no specific signal for class I or class IV ADH was detected. Our results thus support the notion that the only ADH expressed in adult mouse, rat and human brain is class III ADH.
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Alcohol dehydrogenases (ADH; EC 1.1.1.1) are among the oldest purified enzymes. All known ADHs are cytosolic, dimeric metalloenzymes composed of about 375 amino acids and a molecular mass of around 40 kDa. Each subunit binds two zinc ions, has a binding site for the coenzyme (NADH or NADPH) and a catalytic site. Protein purification and enzymatic studies have led to the identification of different isoenzymes distinguished by substrate specificity and resistance to inhibitors. Relevant to the present study, the class I subunits, ADH alpha, ADH beta and ADH gamma are most active as ethanol dehydrogenases while the class III enzyme is glutathione-dependent formaldehyde dehydrogenase and class IV ADH are the most potent cytosolic retinol dehydrogenases [1] .
After the identification of the corresponding genomic sequences, isoenzymes are now grouped according to sequence similarity. In humans, seven different genes are known encoding related ADHs, all located in a single cluster on chromosome 4q21-23. The seven genes have been ascribed to five different classes and orthologue genes in rodents and other animals have been found [2] . Amino acid sequence comparisons from multiple vertebrate species indicate that all ADH classes have evolved from one common ancestor, ADH, presumably class III ADH, the only ADH found also in lower animals, yeast and plants [3] . Table 1 shows the relation between the different ADH genes and proteins and the class-based nomenclature [4] . To simplify the description in different species, we will denominate these genes ADH1, ADH3 and ADH4.
Similar mRNA length and high nucleotide and amino acid sequence identity of all ADHs lead to a large risk for cross-reactivity of probes at the mRNA and protein level, making it difficult to decide which of the ADH genes or proteins is expressed in a certain tissue. In previous studies employing Northern blot analysis, tissue distribution of mRNA for the different ADHs was studied in a variety of species and developmental stages and class III ADH was found to be the only ADH expressed in adult brain [5, 6] . During development, ADH4 has been shown to be expressed in the floor plate of midbrain by a method making use of a transgenic mouse carrying the ADH4 promoter coupled to a LacZ reporter gene [7] .
Because differences in substrate specificity allow a distinction of the enzyme classes in tissue lysates, this function-based method was used predominantly in studies of ADH expressions at the protein level [8] . Such analyses were often focused on the digestive system (liver, stomach, intestine) comparing differences in sex, age or states of disease such as helicobacter infection or gastric ulcer [9, 10] with little data on brain tissue available to date.
Cellular localization studies may be more sensitive than tissue-based assays for detection of low expression levels. Thus, in situ hybridization and immunohistochemistry have been performed, again focussing mainly on the digestive tube, excretory, respiratory and sexual systems in different species and developmental stages. Brain tissue has been studied by this methodology predominantly at developmental stages. In one recent study, however, expression of ADH1 and ADH4 within distinct cellular populations of adult brain tissue was reported [11] . However, use of partially hydrolyzed ribroprobes in this study may have led to decreased specificity through cross-reactivity with, for example, ADH3, the ÔancestorÕ enzyme shown previously to be present in adult brain.
To further investigate the cellular distribution of class I, III and IV ADHs we have carried out in situ hybridization studies in several species using radiolabeled short (49-51 base pairs) oligonucleotides after multiple in silico and in vitro tests for specificity.
Materials and methods

Animals
Sprague-Dawley rats (two male and two females, 250-270 g) and C57B1/6 mice (two adult males and two adult females, one wild-type and one Adh4 knock-out each [12] ) were killed and brains were dissected quickly and flash frozen on dry ice. Similarly, liver and stomach tissue was collected from each of these animals. Stomach samples were rinsed in ice cold phosphate buffer to remove stomach contents before they were flash frozen on dry ice. All samples were kept at )80°C until used. Animal experiments were approved by the Swedish Animal Ethics Committee of Stockholm.
Human tissue
Human brain tissue was provided by the Harvard Brain Tissue Resource Center (Belmont, MA, USA) and the Netherlands Brain Bank (Amsterdam, The Netherlands). Blocks of cortex, anterior amygdala, striatum and midbrain from four nondemented control subjects (three male and one female, age range (59-79 years), postmortem interval (PMI) between 4.5 and 23.9 h), as well as cerebellum from four further normal controls (two males and two females, age range (59-78 years), PMI between 59 and 78 h) were included in the study. The Brain and Tissue Bank for Developmental Disorders (Maryland, USA) provided us with fresh frozen postmortem liver tissue from two individuals (one male and one female, both 18 years old, PMI 16 and 28 h, respectively). Tissue was kept frozen at )80°C until used.
Selection of class specific oligonucleotide probes
Oligonucleotides for in situ hybridization were designed using the online-program provided by the Alces Virtual Genome Center (http://alces.med.umn.edu/rawpeimer. html). Probes that form hairpin formations were excluded by testing for possible RNA-folding using the MFOLD program (http://bioinfo.math.rpi.edu). All approved oligonucleotides were finally blasted against GenBank nonredundant and EST databases using parameters for identification of short nearly exact matches (http:// www.ncbi.nlm.nih.gov/BLAST/) in order to minimize unspecific binding to other mRNA species. All oligonucleotides (Table 2) were finally aligned pair-wise with mRNAs from the other classes to exclude those that are similar to other ADH classes. After this iterative process, for example our chosen rat class 3 ADHprobe (rADH3) does not show significant similarity to rat class I ADH or IV mRNAs or to any other rat mRNA as determined by the BLAST program.
Oligonucleotide in situ hybridization
The method used in this study is a modification of a previously published protocol [13] . In brief, unfixed cryosections of 14 lm thickness were thawed onto coated glass slides (SuperFrost, VWR, Stockholm, Sweden) and kept at )20°C until use. Sections were removed from the freezer and air-dried 3-5 h prior to hybridization. Fifty nanomoles per slide of oligonucleotide probes (Table 2) were 3¢-endlabeled with [a- 33 P]dATP (NEN Lifescience, Boston, MA, USA) using terminal deoxynucleotidyl transferase (Amersham Pharmacia Biotech, Cleveland, OH, USA). Excess radioactive nucleotides were then removed (ProbeQuant G-50 Microcolumns, Amersham Pharmacia Biotech, Cleveland, OH, USA). Labeled oligonucleotide probes were diluted in hybridization cocktail containing 4 · NaCl/Cit, 50% formamide, 1 · Denhardt's solution, 1% sarcosyl, Table 1 . Alternative names for ADH genes and proteins (in parentheses) within a species and orthologs between the human, rat and mouse ADH genes (based on [4] ).
Abbreviations used in this study
0.02 molAEL )1 phosphate buffer (pH ¼ 7.0), 10% dextran sulfate, and 50 mg sheared salmon sperm DNA, and 150 lL of this solution was added to each slide followed by overnight incubation at 42°C in a humidified chamber. After hybridization, slides were rinsed five times for 45 min at 60°C in 1 · NaCl/Cit, rinsed once in water, dehydrated and air-dried. Slides were analyzed by phosphoimaging (FUJIX BAS 3000 system, Fujicolor Sweden AB, Ska¨rhol-men, Sweden) followed by dipping in photographic emulsion (Kodak NTB2 at 1 : 2 dilution, Kodak, Rochester, NY, USA). After exposure in the dark for three weeks, slides were developed, counterstained with cresyl violet and analyzed at the cellular level by dark-and brightfield microscopy. Material from at least two different rounds of in situ hybridization was analyzed for each probe by two independent observers. For rat tissue, we used two different probes for ADH1 and two for ADH4. For human tissue we used three different ADH probes for each of the three human ADH classes analyzed (see Table 2 ). We found similar expression patterns for all oligonucleotides designed for each class. Additionally, a random probe was used as negative control (data not shown).
Microphotographs were scanned, digitally processed and compiled using computer imaging software (Adobe PHOTOSHOP 5.5 and Adobe ILLUSTRATOR 8.0). Occasional particles of dust and other obvious artifacts were digitally retouched. Included microphotographs showing human tissue are high-power bright-field pictures, allowing silver grains in the photographic emulsion to be distinguished readily from neuromelanin or lipofuscin pigments abundantly present in human brain tissue. Figures 1 and 2 show results from specificity tests of all probes on non-neuronal tissue (liver and stomach) where distributions of different ADH mRNA and protein species have been described previously. Both ADH1 and ADH3 were found to be expressed in liver (Figs 1A,C,E,G and 2B,C,F,G), the tissue from which they were first purified and characterized [14, 15] . High ADH1 mRNA expression levels were found in mouse (Fig. 1C ) and human liver (Fig. 2B ) and moderate expression levels in rat liver (Fig. 1A) , in accordance with the literature [16] [17] [18] . The difference in the expression levels in the liver of the ADH4-/-and wild-type mice (Fig. 1C ) might indicate that the transgenic manipulation at the ADH4 locus may actually affect expression levels at the nearby ADH1 locus located immediately downstream on chromosome 3 [19] .
Results
Expression of different ADH classes in tissues outside the CNS
In rats, particularly high ADH3 expression was found in liver in accordance with studies showing that enzyme activity of ADH3 is highest in liver lysates [20] , and immunostaining proving high protein expression in rat liver and colon [21] .
ADH4, known as the stomach ADH, was found not to be expressed in liver tissue in any of the three species (Figs 1I,K and 2D), as was expected from the literature [22, 23] . ADH4 was strongly expressed in stomach epithelia of wild-type rodents, particularly of rats (Fig. 1J) , while no signal was detectable in stomach epithelia of Adh4-/-mice (Fig. 1L) [12] .
In mice and, predominantly, in rats, the deeper stomach epithelia also showed ADH3 expression (Figs 1F,H and 2K), a finding that has been reported previously by Northern blot analyses in humans [24] and rodents [17] , by enzyme activity in human [9] , and by immunohistochemistry also in rodents [22] .
Expression of ADH3 in the adult rodent and human brain
Overviews of the expression patterns of the three classes of ADHs in the adult rodent brain are shown in Fig. 3 (scanned from phosphoimager plates). Coronary sections at three different levels were analyzed: forebrain (with anterior hippocampus), midbrain (including substantia nigra) and medulla oblongata with cerebellum.
Adh1 and Adh4 signals were absent in brain tissue from both rats and mice. Strong signal indicating high levels of ADH3 expression was present in the hippocampal formation and in cerebellum, weaker signal was detected in cortex cerebri.
To analyze the localization of ADH at the cellular level, slides were dipped in photographic emulsion, developed and analyzed under the microscope. Dark-field photomicrographs (Fig. 4) show the distribution of silver grains indicating expression in three regions of the rat brain. In hippocampus, ADH3 hybridization was strong within cornu amonis as well as in the dentate gyrus. In cortex, deeper layers gave rise to strong signals while upper layers showed only scattered expression and white matter showed no specific signal. In cerebellum, ADH3 hybridization was found in cells of the granular layer, the Purkinje cell layer and scattered areas of the molecular layer. A signal observed in cerebellar white matter with the ADH4 probe turned out to be unspecific: silver grains were not confined to cells and were present also in white matter of ADH4-/-mouse cerebellum, while the same probe did not give any signal in stomach tissue from this animal. Figure 5 shows a bright-field view at higher magnification of ADH3 expression in rat brain. Many but not all neurons in cortex were ADH3 positive and all cerebellar Purkinje cells were strongly positive. Expression in the granular layer of rat and mouse cerebellum was moderate.
In hippocampus, neurons in the hilus of the dentate gyrus and granule cells of gyrus dentatus were clearly positive.
Hybridization of probes to choroid plexus tissue gave rise to a strong signal for ADH3 mRNA but no specific signal for ADH4 in rats and mice. Figure 6 displays this finding in choroid plexus of the fourth ventricle in rat.
Comparisons of cellular expression patterns of ADHs between rodent and human brain revealed very similar results. As for rodent tissue, the only ADH detectable in cells of adult human brain was ADH3. Figure 7 shows several different regions in the human brain where ADH3 mRNA was detected: pyramidal neurons in cortex cerebri, CA3 pyramidal neurons as well as dopamine neurons of substantia nigra. A particularly strong ADH3 signal was detected in neurons of the human red nucleus. One finding that differed markedly between the species was absence of ADH3 mRNA in the granular layer of human cerebellum. Table 3 compiles our findings in adult brain tissue of all three species.
Discussion
The distribution of ADHs in the brain is of particular interest because of their implications in the metabolism of ethanol and retinoic acid. In vitro and in vivo data indicate that ADH1, ADH3 and ADH4 can oxidize retinol to retinal, with ADH4 having very high efficiency and ADH3 low efficiency [12, 25, 26] . All of these enzymes also metabolize ethanol with ADH1 having very high substrate affinity and ADH3 very low affinity [25] . The previously reported presence of ADH1 in the adult brain [11] might have been important with respect to ethanol abuse. However, our present results suggest that neither ADH1 nor ADH4 play key roles in brain ethanol metabolism, but leave open the possibility that ADH3 might play a role in regions where it is expressed at high levels. Recently, it became apparent that ethanol can be oxidized in brain homogenates and that catalase is involved in the accumulation of acetaldehyde in the brain [27] , explaining its presence despite the absence of ADH1 and the fact that acetaldehyde does not easily cross the blood brain barrier [28] . Although the accumulation of acetaldehyde has been proposed to contribute to addictive properties of alcohol [29] , other studies suggest that accumulation of acetaldehyde may inhibit the drinking behavior due to uncomfortable feelings. In fact, increase of acetaldehyde levels by disulfiram, an inhibitor of the mitochondrial aldehyde dehyderogenase, is therapeutically used to deter alcohol drinking [30] .
Retinoic acid has been implicated in many important functions during development, including development of the brain [31, 32] . Accordingly, Adh4 expression has been detected in the embryonic mibrain floor [7, 33] . Retinol is converted by this enzyme to retinal, that is further oxidized to retinoic acid by aldehyde dehydrogenase, an enzyme expressed specifically in dopamine neurons of substantia nigra [34] . Furthermore, a remarkable number of proteins involved in retinoid-related metabolism (retinoic acid receptors, cellular binding proteins and oxidizing enzymes) have been mapped within the adult dopamine system [35] . In the adult brain, retinoic acid has been proposed to be involved in synaptic plasticity [36, 37] and neurogenesis [38] .
The data that have been published concerning the localization and activity of the different ADH classes in Fig. 3 . Expression patterns of the different classes of ADH in the brains of rat and mouse at three different levels: hippocampus (HC), midbrain including substantia nigra (SN) and cerebellum (CB). Note that only AHD3 shows specific signals in the brains of both rat and mouse. Scale bars, 5 mm. the brain are partially contradictory. Our study supports the notion put forward in several studies that only class III ADH is expressed in the adult brain. Thus, Northern blot analysis from human brain homogenates had identified ADH3 as the only brain isoenzyme [5, 6, 18] . Another recent study investigated ADH1 and ADH3 protein expression in human brain by Western blot analysis and immunohistochemistry [39] . By this methodology, highest ADH3 protein levels were found in cerebellum and hippocampus, and lower levels in different regions of cortex cerebri. The cellular distribution of ADH3 protein coincides with our findings of mRNA: cortical neurons in deeper layers, hippocampal neurons and Purkinje cells of cerebellum. Additionally, notably high expression levels of ADH3 in nucleus ruber were identified in the present study, a finding that has not been described before. In the above-cited study, as well as the present work, ADH1 expression was not detected in any of the investigated brain regions.
Expression of ADH1 and ADH4 mRNA in the rat adult brain has been claimed by one study using partially hydrolyzed riboprobe in situ hybridization [11] . The authors found ADH1 expression in cerebellar granule cells and Purkinje cells, in the hippocampal formation and different regions of the cerebral cortex. ADH4 mRNA expression was found in Purkinje cells and white matter of the cerebellum, and in hippocamus and cortex. Both ADH classes were also shown to be present in the choroid plexus. These data are in contradiction with our findings, as we found expression of ADH3 in all these cell types but neither ADH1 nor ADH4. One explanation for this discrepancy may be that the oligonucleotides used in the present study may not have been sensitive enough to detect possible low expression levels of these enzyme classes. Based on the Fig. 4 . Dark field micrographs showing the expression of ADH mRNA in the rat brain: cells in the dentate gyrus (DG), the hilus and the cornu amonis fields (CA) of hippocampus express only ADH3. In cortex, ADH3 mRNA was detected in scattered cells in the upper layer and in many cells in the lower layers, but not in white matter (WM). In cerebellum, Purkinje cells (Pc arrows), the granule cell layer (gl) and some cells in the molecular layer (ml) express ADH3 mRNA but no ADH4 or ADH1. The signal in cerebellar white matter with the ADH4 probe (arrowheads) is unspecific (see text). Scale bars, 500 lm.
above-described patterns of signals, however, it appears more likely that the discrepancy is due to insufficient specificity of the hydrolyzed riboprobes leading to crossreactions of the ADH1 and ADH4 probes with the orthologous ADH3 mRNA. Martinez et al. [11] point out that their study is in agreement with findings from an immunohistochemical study localizing ADH in the rat brain [40] . The antibody used in this study was raised against isolated rat liver ADH, without any further characterization concerning the class specificity. As rat liver expresses both ADH1 and, very strongly, ADH3, such immunohistochemistry results can however, not differentiate between ADH1 and ADH3. Our results are also in agreement with the finding that only ADH3 activity is detectable in homogenates of different parts of the rat brain in starch gel electrophoresis followed by ADH activity staining [11] .
In mice, ADH expression in the adult brains of 15 different inbred strains has been investigated by isoelectric focusing followed by staining of enzyme activity [41] . ADH3 activity was detected in all strains studied whereas ADH1 Table 3 . Distribution of the three ADH classes in adult rat, mouse and human brain tissue. The presence of specific signal is shown by +, strong presence by ++ and absence by -.
Brain area
Rat
Mouse Human activity was very low or absent in the investigated brain extracts. These data support our findings in mice.
Regarding the apparent ADH4 expression in cerebellar white matter that has been reported by the same authors [11] and that we also observed in both rat and mice, we have now shown that it must be due to unspecific stickiness of the probes because it was present even in the ADH4 knock-out mice that had been shown previously to completely lack ADH4 mRNA due to deletion of the promoter [12] . In these mice, we could clearly demonstrate absence of Adh4 mRNA in the stomach epithelia -the tissue with the best characterized Adh4 expression.
Taken together, our results demonstrate expression of ADH3 in most of the analyzed areas in the brain, with highest expression levels in hippocampus, cerebellum and particularly in human brain, in the red nucleus. Using the same methodology, no ADH1 or ADH4 expression was detected. The only clear difference between the species we detected in the brain was in cerebellum, where the granular layer expresses Adh3 in rodents but not in humans. The relative abundance of ADH3 within many different tissue types is probably related to the need of scavenging formaldehyde for cytoprotection, but low activity of ADH3 with ethanol and retinol cannot be ruled out. Our results do not support a significant involvement of ADH1 and ADH4 in ethanol oxidation in brain tissue. Regarding retinoid metabolism in the adult brain, enzymes other than ADH4 must be active, because in vivo and in vitro data indicate that adult brain tissue, in particularly the striatum, can oxidize retinol to retinal, providing the first step on the way to retinoic acid [31] . The brain must thus rely on the activity of other enzymes, for example ADH3 or other members of the medium-chain dehydrogenase/reductase family (MDR), or perhaps members of the short-chain dehydrogenases/reductase family (SDR), both of which utilize a variety of metabolites and toxic compounds [42] .
